From the Miocene Sahelanthropus tchadensis to Pleistocene Homo sapiens, hominins are characterized by a derived, foramen magnum that is anteriorly positioned relative to basicranial structures. It has been previously suggested that the anterior position of the foramen magnum in hominins is related to bipedal locomotor behavior. Yet, the functional relationship between foramen magnum position and bipedal locomotion remains unclear. Recent studies, using ratios based on cranial linear measurements, have found a link between the anterior position of the foramen magnum and bipedalism in several mammalian clades: marsupials, rodents, and primates. In the present study, we compute these ratios in a sample including a more comprehensive data set of extant hominoids and fossil hominins. First, we verify if the values of ratios can distinguish extant humans from apes. Then, we test whether extinct hominins can be distinguished from non-bipedal extant hominoids. Finally, we assess if the studied ratios are effective predictors of bipedal behavior by testing if they mainly relate to variation in foramen magnum position rather than changes in other cranial structures. Our results confirm that the ratios discriminate between extant bipeds and non-bipeds. However, the only ratio clearly discriminating between fossil hominins and other extant apes is that which only includes basicranial structures. We show that a large proportion of the interspecific variation in the other ratios relate to changes in facial, rather than basicranial structures. In this context, we advocate the use of measurements based on basicranial structures only when assessing the relationship between foramen magnum position and bipedalism in future studies.
When compared to other hominoids, extant and extinct hominins are characterized by a derived, 3 anteriorly positioned foramen magnum, highlighting a reorganization of the surrounding 4 basicranial structures (Dart, 1925; Schultz, 1942; Dean and Wood, 1981; Kimbel and Rak, 5 2010). The discoveries of Sahelanthropus tchadensis (Brunet et al., 2002; Guy et al., 2005; 6 Zollikofer et al., 2005) and Ardipithecus ramidus (White et al., 1994; Suwa et al., 2009; Kimbel 7 et al., 2014), both of which exhibit an anteriorly placed foramen magnum, show that this 8 conformation was acquired by at least the late Miocene. Previous studies suggested that the 9 anterior position of the foramen magnum in hominins is related to a more habitual bipedal 10 locomotor behavior (Broca, 1872; Topinard, 1878; Dart, 1925; Broom, 1938; Le Gros Clark, 11 1955; Tobias, 1967) . However, the functional relationship between foramen magnum position 12 and bipedal locomotion remains unclear (Suwa et al., 2009; Ruth et al., 2016) . This is because locomotor behavior of Homo sapiens (see Cartmill, 1990) .
17
To address this challenge, Russo and Kirk (2013) tested the hypothesis that an anteriorly 18 positioned foramen magnum is related to bipedalism through a comparison of basicranial 19 anatomy between bipeds and quadrupeds belonging to three mammalian clades: marsupials (e.g.,
20
bipedal kangaroos and wallabies vs. quadrupedal marsupials), rodents (e.g., bipedal kangaroo 21 rats and jerboas vs. quadrupedal rodents) and primates (humans vs. other hominoids). They used 22 three ratios to describe the position of the foramen magnum relative to several splanchnocranial 23 6 structures (i.e. anterior margin of the temporal fossa, posterior aspect of the last molar crown, 1 and midline posterior aspect of hard palate). The results of Russo and Kirk (2013) demonstrated 2 that, when compared to their quadrupedal relatives, bipedal marsupials, rodents, and primates 3 have a foramen magnum that is more anteriorly positioned (see also Brunet et al., 2002; Suwa et 4 al., 2009; Kimbel and Rak, 2010) .
5 Ruth et al. (2016) challenged the findings of Russo and Kirk (2013) , arguing that the 6 chosen ratios did not accurately relate to foramen magnum position but instead correspond to 7 changes in other cranial structures. Ruth et al. (2016) notably asserted that these ratios are more 8 influenced by masticatory apparatus position and size rather than foramen magnum position.
9
Recently, Russo and Kirk (2017) responded to these criticisms by quantifying the position of the 10 foramen magnum using a new metric based on the position of the spheno-occipital 11 synchondrosis. This new ratio has the advantage of being based on basicranial structures only 12 and does not take into account features related to the masticatory apparatus. Using this metric,
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Russo and Kirk (2017) confirmed their previous results (Russo and Kirk, 2013) , stating that a 14 relationship exists between foramen magnum position and bipedalism in mammals. In this context, our first objective is to assess if the use of a more comprehensive sample of 19 extant hominoid specimens allows corroborating Kirk (2013, 2017) Kirk (2013, 2017) also suggested that their ratios may be good proxies with which to 9 appraise bipedalism in fossil hominins possessing a wide variety of basicranial shapes (Ross and 10 Henneberg, 1995; Nevell and Wood, 2008; Kimbel and Rak, 2010) . We compute the ratios 11 proposed by Kirk (2013, 2017) As the ratios defined by Russo and Kirk (2013) have been criticized by Ruth et al. (2016) , who 21 asserted that they are likely to be affected by the masticatory apparatus, we test the hypothesis
22
(hypothesis 3) that the ratios mainly describe variation in foramen magnum position rather than 23 8 changes in facial structures. We quantify the variation in the structures related to the studied 1 ratios using geometric morphometric methods on 3D homologous landmarks. If a significant 2 proportion of the variation is related to landmarks located on the face, hypothesis 3 will be 3 rejected and the masticatory apparatus is likely to influence the ratios that include facial features.
4
If most of the variation is related to basicranial landmarks, notably the basion, results will be in 5 line with hypothesis 3. The sample consists of 171 crania, including 157 extant hominoid specimens belonging to 19 11 different species (Table 1 ). All extant individuals were determined to be adults based on the full 12 eruption of the third molars. These specimens are housed in the American Museum of National
13
History (New-York, USA), the National Museum of Natural History (Washington, USA), the geographically diverse H. sapiens crania by Ledogar et al. (2016) The 3D virtual representations were placed in norma basilaris using the Avizo v6.0 software. were photographed following the protocol set by Russo and Kirk (2013) , which also consider the 23 plane perpendicular to the FHP to defined the norma basilaris. As several specimens (STS 5, 1 KNM-WT 17000 and OH 5) were available both as 3D virtual representations and as casts, we 2 were able to assess the similarity of the two approaches using a correlation coefficient on 3 landmark coordinates (see below).
4
Linear measurements on the images were carried out using the NIH ImageJ software 5 (Schneider et al., 2012) . Kirk (2013, 2017) used four ratios based on the position of In this case, only one TF (or one M) was taken into account to compute the ratio. Also, when 2 porion was missing on one side, W was computed as twice the distance between the preserved 3 porion and the midsagittal plane. Finally, the spheno-occipital synchondrosis was not visible in 4 all specimens, so the basioccipital ratio was not computed for the specimens where the 5 sphenobasion could not be confidently identified. These specimens are identified in SOM.
6
Cranial base shape is also described using eight two-dimensional landmark coordinates 7 ( Fig. 1 ; Table 2 ). Landmarks were placed on the images with tpsDig v2.32 (Rohlf, 2015) . If a 8 landmark were missing, its counterpart on the other side of the cranium was mirrored relative to 9 the midsagittal plane. To validate this approach, we estimated a landmark on 5 complete 10 specimens belonging to 5 different species (i.e., H. sapiens, Pan troglodytes, G. gorilla, Pon. 
pygmaeus, H. lar).
We tested for differences between the estimated landmarks and the real ones 12 using a MANOVA. To test for measurement and landmark repeatability, one female G. gorilla 13 specimen was resampled three times on three different days. (Groves, 1972; Chatterjee, 2009; Fleagle, 2013; Neaux, 2017) . We tested for differences 22 in the ratios between the seven studied species of Hylobates using ANOVAs to define if they 23 should be computed separately or together in the following analyses. We did the same with the 1 three species of the genus Nomascus, also belonging to the Hylobatidae family.
2
Contrary to Kirk (2013, 2017) , we compared more than two groups for each 3 ratio. The significance of the ratios differences was therefore evaluated using a pairwise 4 permuted ANOVA applying the wrapper function pwperanovac() (Sansalone et al., 2016) , 5 available in SOM. Holm correction was performed, to account for unbalanced sample size 6 (Holm, 1979) . As the genus Bunopithecus included only two specimens, it was not included in 7 the pairwise ANOVAs. Ratio differences between groups have been visualized through boxplots 8 using the wrapper function boxord(?) (Sansalone et al., 2016) , available in SOM. Statistics were 9 performed in the R statistical environment (R Development Core Team, 2016).
10
The analysis of landmark variations was performed using MorphoJ v1.06 (Klingenberg, (Baab and McNulty, 2009; Bienvenu et al., 2011 Temporal fossa (Fig. 2) , molar (Fig. 3 ) and basioccipital ratios (Fig. 4) distinguish humans from 20 non-bipedal extant hominoids (Table 3 ). There are significant pairwise differences between H.
21
sapiens and all the other extant taxa (Table 4 ). Significant differences exist also between non-22 bipedal extant taxa. The temporal fossa ratio (Fig. 2) partly distinguishes most bipeds (extant and extinct) from non-10 bipedal taxa, with two exceptions: Australopithecus africanus and Paranthropus boisei fall 11 within the range of extant non-human hominoids ( Fig. 2; Table 3 ). Similarly, A. africanus is also 12 found within the non-hominin extant hominoid range for the molar ratio ( Fig. 3; Table 3 ).
13
Having relatively low values when compared to other non-bipedal taxa, a considerable number 14 of Pan paniscus specimens also fall within the range of extinct hominins for the temporal fossa 15 (Fig. 2) and molar (Fig. 3) ratios. The basoccipital ratio (Fig. 4) Our findings support hypothesis 1 as we found significant differences for the temporal fossa, 19 molar, and basioccipital ratios between bipedal (H. sapiens) and non-bipedal extant hominoids.
20
The present study was therefore able to replicate the findings of Kirk (2013, 2017) 21 using a more comprehensive sample. Our work supports the hypothesis that the ratios proposed 22 by Kirk (2013, 2017) are reliable descriptors of bipedalism in extant hominoids.
23
However, our results show that significant differences also exist between non-bipedal extant 1 hominoids, underlining that the studied ratios are influenced by factors other than bipedalism. It 2 is not certain that the variety of locomotor behavior, other than bipedalism, found in apes, can 3 explain these differences. Indeed, previous works found similar foramen magnum positions in 4 Gorilla and Pongo Wood, 1982, 1982) , two taxa possessing very different locomotor 5 behaviors (Cant, 1987; Remis, 1998; Thorpe and Crompton, 2006) . Conversely, allometry can be 6 one of the factors explaining these interspecific differences as its influence is not entirely Wood, 1981, 1982) . Australopithecus africanus exhibits an anteriorly positioned zygomatic root complex, 17 which increases the leverage for the superficial masseter (Rak, 1983; Schwartz and Tattersall, 18 2005; Smith et al., 2015) . In Par. boisei, the zygomatic arch is widely flared and anteriorly 19 positioned (Rak, 1983; Schwartz and Tattersall, 2005; Smith et al., 2015; Rak and Marom, 20 2017). The study of the shape space shows great interspecific variations in the projection of the 21 zygomatic relative to basicranial structures, which are likely to influence the temporal fossa ratio 22 (Fig. 4, Pedetes and the quadrupedal Anomalurus (see Fabre et al., 2012 Fabre et al., , 2013 . Russo and Kirk (2017) 4 found that Anomalurus has a significantly lower temporal fossa ratio than Pedetes. They 5 proposed that this result, which is contrary to their expectations, is due to the far anterior position 12 STS 5 has been described as being exceptionally prognathic when compared to other 13 specimens of A. africanus, such as STS 71 and STS 52a (Rak, 1983; Kimbel and White, 1988; 14 Kimbel et al., 2004) . In STS 5, the anteriorly positioned premaxilla is associated with an 15 anteriorly positioned third molar, as these structures are both related to the anteroposterior 16 position of the hard palate (McCollum et al., 1993; McCollum, 2000; Cobb, 2008) . The anterior 17 position of the subnasal part of the face in STS 5 is therefore associated with (1) an anterior 18 position of the third molars relative to the whole cranium and (2) a reduction of the distance 19 between the temporal fossa and the third molar as revealed by the low score of STS 5 along PC1 20 in the shape space (Fig. 5) . Therefore, the strong subnasal prognathism of STS 5 associated with 21 an anterior position of the third molars may explain its high molar ratio value, within the range of 22 non-bipedal hominoids. These findings reveal that the molar ratio, like the temporal fossa ratio, 23 is likely to be influenced by splanchnocranial structures, not directly related to the position of the 1 foramen magnum (Ruth et al., 2016) . The temporal fossa, molar, and basioccipital ratios defined by Kirk (2013, 2017) are 6 reliable descriptors of bipedalism in extant hominoids (hypothesis 1). The basioccipital ratio is 7 the only reliable ratio when extinct specimens are included (hypothesis 2), as a strong component 8 of the variation within the temporal fossa and molar ratios is likely to be related to the 9 masticatory apparatus (hypothesis 3).
10
This major problem associated with the use of the temporal fossa and molar ratios was 11 already identified by Russo and Kirk (2013) , who noted that their "measures of relative basion 12 position could arguably reflect variation in craniofacial morphology unrelated to foramen 13 magnum position" (Russo and Kirk, 2013; p. 659) . On that point, our study is in line with Ruth et boisei (e.g., Demes and Creel, 1988; Eng et al., 2013; Smith et al., 2015) suggest that both 18 species, and Paranthropus in particular, could generate bite forces more efficiently than extant 19 chimpanzees, in part due to their derived zygomatic morphology. Indeed, the zygomatic is 20 shaped by numerous selective forces, including diet and feeding, visual acuity, and facial 21 mobility Rak and Marom, 2017; Ledogar et al. 2017; Weber and 22 Krenn, 2017).
20
The use of metrics based on the facial traits to assess the position of midsagittal 1 basicranial structures is also made less relevant by the fact that several studies have found that 2 the midline cranial base and the face may belong to different modules, possibly influenced by 3 different developmental and functional integration pathways (Bastir and Rosas, 2006; Gkantidis 4 and Halazonetis, 2011; Neaux et al., 2013) . In this context, the use of measurements only based 5 on basicranial structures, such as basioccipital ratios (Russo and Kirk, 2017) , or the position of 6 basion relative to the bicarotid chords (Schaefer, 1999; Ahern, 2005) , are probably more reliable 7 means with which to assess foramen magnum position. An alternative solution may lie in the 8 continued development of 3D geometric morphometric analysis of basicranial structures 9 (Aristide et al., 2015) , as well as in the generalization of 3D craniofacial morphological 10 integration studies (Bastir and Rosas, 2016; Neaux, 2017) . Homo heidelbergensis 0.14 0.00 0.00 0.14 0.14 Homo neanderthalensis 0.14 0.00 0.00 0.14 0.14 Table 5 . Loadings of landmarks on each significant principal components. 
